Ordered and dense GaN light emitting nanorods are studied with polycrystalline graphene grown by rapid chemical vapor deposition as suspended transparent electrodes. As the substitute of indium tin oxide, the graphene avoids complex processing to fill up the gaps between nanorods and subsequent surface flattening and offers high conductivity to improve the carrier injection. The asfabricated devices have 32% improvement in light output power compared to conventional planar GaN-graphene diodes. The suspended graphene remains electrically stable up to 300 C in air. The graphene can be obtained at low cost and high efficiency, indicating its high potential in future applications. GaN compounds are widely used to fabricate light emitting diodes (LEDs) covering the spectrum from yellow to ultraviolet. GaN and related materials are major players in the industry of high light intensity blue, green, and violet LEDs and lasers. GaN LEDs have attracted extensive interest also due to their tolerance of high temperature, radiation, and corrosive environment. However, due to its high refractive index, photons generated by active regions can be totally reflected at the GaN/air interface easily.
1,2 The critical angle for light escape cone is $23 (GaN refractive index n ¼ 2.5), rendering the extraction of only 4% of the total internal light. 1 Also, the lattice mismatch between In(Ga)N and GaN creates a large strain, which in turn leads to high piezoelectric field and hence quantum-confined Stark effect. In order to improve the quantum efficiency of GaN LEDs, nanorods have been proposed, where the conventional planar architecture is changed into onedimensional nanostructures. It turns out to be an efficient method to address these problems, mainly due to its super large light emitting areas, optical waveguide effect, and released strains. [3] [4] [5] However, the device fabrication in GaN nanorod LEDs is complicated. The length of the dry-etched nanorods should be higher than the depth of active region in the device to form fully separated nanorods, which unavoidably makes p-GaN discontinuous. Considering that even in traditional continuous p-GaN layer, because of its low conductivity caused by difficulties in p-doping, an extra transparent conducting layer is needed to spread the current laterally, this transparent electrode is indeed indispensable for nanorod LEDs to ensure a proper carrier injection into all the active regions. Typically, insulation mediums such as polymers or spin-on glass are used to fill the gaps between nanorods to avoid contact of the transparent electrode to n-GaN or active layers. 3, 5 The process is rather complex as it generally requires additional steps of dry etching or chemical mechanical polishing to obtain a flat, clean, and fresh top surface of the nanorods for p-electrode contact.
Another issue is that the typical material for transparent electrodes, indium tin oxide (ITO), has an increasingly high price as indium is slathered and getting scarce. Also, ITO is nontransparent at low wavelength regimes, which is not suitable for ultraviolet GaN LEDs. Graphene, a truly two dimension material with hexagonal sp 2 hybridized carbon lattice, is transparent, conductive, and flexible. The addition of one layer of graphene loses merely 2.3% of transparency. The optical transmittance remains very high from infrared to ultraviolet frequencies. Recently, it can be grown by a semiconductor industry compatible technique chemical vapor deposition (CVD) in large area at relatively low cost. [6] [7] [8] [9] Therefore, it has a high potential in the fabrication of transparent conducting layer instead of ITO. Nevertheless, the conductivity of graphene film is yet generally lower than that of ITO (the sheet resistance of typical monolayer CVD graphene is in kX range) even though under well optimized conditions it outperforms the latter. 6 There are many attempts to improve the conductivity of graphene, mostly by doping, but unfortunately one has to somehow sacrifice the transparency, 6, 10, 11 and the doping effect is hardly stable. 12 On the other hand, it is known that the carrier mobility in suspended graphene is much higher than graphene on substrates, 13 by virtue of the reduced charge impurity scattering and so on. Indeed, Rouhi et al.
14 have measured the sheet resistance of suspended few layer graphene grown on Ni by CVD, and the result is as low as 10 X/ٗ. Note the commercial ITO film applied in GaN LEDs has a R s ranging from 10 to 50 X/ٗ typically. To date, many publications report suspended graphene in electronic devices, 15, 16 but there are rarely any literatures on making use of the high conductivity of suspended graphene in optoelectronic devices.
In this letter, three layers of graphene successively grown by CVD are employed as transparent electrodes in GaN nanorod LEDs. The nanorods are well ordered resembling photonic crystals, and the gaps in between are optimized to obtain better device performances. The graphene is transferred directly onto GaN nanorods and remains suspended by virtue of its excellent mechanical strength, so there is no need to fill the gap between nanorods with insulators, which greatly simplifies the device processing. The transparency is maintained because the as-synthesized graphene has not undergone any deteriorative processing. The graphene suspended between nanorods is highly conductive and solves the current crowding problem. Furthermore, the electrical property of the graphene on nanorods is very stable. Previously, contrary to many groups pursuing large graphene single crystals at slow deposition rates, we demonstrated the so-called rapid CVD growth of polycrystalline graphene with superior optical and electrical properties, which is a technology oriented towards scalable, time-and cost-effective industrial applications. 9 In the continuation work here, the high mechanical property of such graphene is also confirmed. Our experiment offers a promising pathway for the utilization of fast CVD grown graphene as transparent electrodes in GaN-based optoelectronics, potentially replacing ITO in industrial applications.
Commercial blue LED wafers with c-plane sapphire substrates are used in our experiment. The epitaxial structures, from bottom to top, are in turn 2 lm undoped (u)-GaN, 2 lm n-GaN, about 100 nm InGaN multiple quantum wells (MQWs) and 150 nm p-GaN. The size of LED devices is 10 mil Â 16 mil (1 mil ¼ 25.4 lm). The nanorod processing is as follows. One layer of hexagonally ordered, closely packed SiO 2 nanospheres with diameter 580 nm is made by dip-coating deposition method. In brief, the nanospheres are dispersed in a solution where they form a monolayer of spheres on the surface of liquid. Then, the GaN wafer is dipped into the solution and pulled out with a controlled speed and tilt angle. Afterwards, the GaN epi-wafer is dry-etched for 22 s by inductively coupled plasma (ICP) to form nanorods, using the ordered SiO 2 nanospheres as etching mask, in 40 sccm Cl 2 and 5 sccm SiCl 4 . The wafer is organically cleaned, followed by HF solution treatment to remove the residual SiO 2 nanospheres and the native oxide layer of GaN. The graphene is grown by CVD on Cu foils, and the details are published elsewhere. 9, 17, 18 A unique feature of our graphene is that it is grown rapidly in merely 5 min, by virtue of our special design of the system and experimental conditions. For real applications, this is desirable because the cost on energy and time will be drastically reduced. Despite the high nucleation density induced polycrystalline nature, the graphene shows good optical and electrical properties. 9, 17, 18 The transparency of three layer graphene is approximately the same as 240 nm ITO in visible light region. 9 The sheet resistances R s of the mono-and tri-layer graphene are $3000 X/ٗ and $1000 X/ٗ, respectively. Thereinafter, we will demonstrate that the mechanical characteristics is also as good as standard graphene. Monolayer graphene is wet transferred 18 to the GaN nanorods, and the procedure is repeated three times to obtain 3-layer graphene. After each transfer, the sample is washed in H 2 O and gently blown dry by N 2 without using any sophisticated techniques such as critical point drying. In short, poly(methyl methacrylate) is spun on the graphene/Cu and immersed in concentrated FeCl 3 solution to etch Cu. Then, the graphene on polymer is cleaned and placed on the GaN nanorod surface. Finally, the polymer is dissolved in acetone. The suspended graphene attaches well to the top of nanorods through Van der Waals bonding. The LEDs are fabricated by two steps of photolithography. In the first patterning, mesas are defined by ICP etching to 1.1 lm deep to reach the heavily doped n-GaN layer. The suspended 3-layer graphene is patterned and etched simultaneously. Second, Ti/Au (15 nm/100 nm) p and n metal electrodes are fabricated by lift-off lithography and sputtering. The device schematic diagram of the GaN nanorod LEDs can be found in Fig. 1(a) . Fig. 1(b) shows a scanning electron microscopy (SEM) image of the suspended graphene on GaN nanorods with an average diameter of 520 nm. It can be seen that the nanorods are very dense and well ordered, in contrast with those irregular rods from self-organized bottom-up approaches or by etching with randomly deposited nanosphere masks. For every mesa, we try to squeeze in many nanorods to enlarge the light emitting surface while yet keeping each rod independent. This layout is controllable and reproducible. The inset of Fig. 1(b) shows an SEM micrograph with an uncovered area on the nanorods, which generates some contrast and makes the suspended graphene more visible. The graphene appears to be mechanically strong and robust, for its survival of all the lithographic steps and the gentle blow dry in N 2 . The photo of Fig. 1(c) shows uniform electroluminescence of a GaN-graphene LED at inject current I ¼ 20 mA, indicating the effective current spreading on nanorods. The high mechanical strength of the graphene film ensures that it can protect the n-GaN and active layers from contacting the p-pad and short out the p-n junction. Therefore, this technique does not require the filling of gaps between the nanorods, which is much simpler than the case for ITO. A batch of control devices of GaN LEDs using the same type of epitaxial wafers are also fabricated, where they have traditional mesas with flat tops. Again, three layers of graphene are transferred onto the plane mesa serving as the transparent conductive layer. Fig. 2 provides an optoelectronic property comparison of the GaN nanorod LEDs with suspended graphene electrodes and the traditional plane mesa GaN-graphene LEDs. Fig. 2(a) plots the electroluminescent light output power vs. current. At I ¼ 20 mA, the light output power of the nanorod LEDs is improved by 32% as compared with the flat mesa counterparts. The effect can be attributed to both the utilization of nanorod structure and the suspension-induced enhancement of the graphene conductivity. Nanorods lead to super large light emitting areas, optical waveguide effect, and released strains, improving the quantum efficiency. A well conducting graphene layer can enhance the carrier injection of the nanorods that are relatively far away from the p-electrodes (metal), reducing the otherwise severe current crowding and local overheat in the LEDs. Fig. 2(b) plots the I-V curves of the two types of devices, showing typical diode behaviors.
Previously, we suggested an interlayer technology to bridge the Fermi levels of the p-GaN and graphene in order to lower the potential barrier at the contact. 9 Here, however, it is not implemented for simplicity. The specific contact resistance q c of our Au/Ti/graphene/p-GaN junction is 0.8-1.8 XÁcm 2 as measured by transmission line model (TLM) method. The values are in line with literature. 10 In Fig. 2(b) , the forward voltage V of the nanorod LED is smaller than that of plane mesa LED, hinting that possibly a parallel leakage current path exists on the nanorod surfaces caused by ICP etching induced defects. This phenomenon is typically observed in conventional GaN nanorod LEDs with ITO as well 3, 19 and is not related to graphene. Calculated from Fig. 2 , the wall-plug efficiency (ratio between optical power and electrical power) of the GaN-graphene nanorod device is 5.2% at I ¼ 20 mA, an order of magnitude higher than that of GaN nanorod LEDs with Ni/Au transparent electrodes. 20 At this stage, however, it is still several times smaller compared to ITO-based GaN nanorod LEDs, mainly due to the yet resistive graphene and its contact to GaN. As this problem is not intrinsic, with future breakthroughs in graphene doping/Fermi level engineering, the strategy in this letter is expected to afford a viable pathway towards LEDs outperforming conventional ITO-based devices.
In order to systematically investigate the conductivity of the suspended graphene, we design the structure shown in Fig. 3(a) to measure the I-V characteristics of the graphene film both on SiO 2 nanorods (the layout and diameter of the nanorods are exactly the same as those of the GaN nanorods used in the devices) and planar SiO 2 substrate. We opt to use insulating SiO 2 test structures instead of GaN simply because the finite conductance from p-GaN beneath the graphene will affect the electrical measurements otherwise. Estimating from Fig. 3(b) , the sheet resistance of graphene on plane substrate is 3.3 times as large as that on nanorods (1000 6 100 X/ٗ vs. 300 6 30 X/ٗ). Here, Ti/Au is known to provide the lowest contact resistivity to graphene. 21 Furthermore, our structures are annealed in N 2 atmosphere for 2 min at 300 C and, therefore, we neglect the contact resistance in the calculation for simplicity. The improvement in conductivity is mainly due to the fact that the suspended graphene between nanorods has much higher carrier mobility by virtue of less charge impurity scattering during transport. 16 As shown previously, this effect has contributed to the higher light output power of the nanorod LEDs with respect to their flat mesa counterpart. In Fig. 3(a) , based on the measurement above, the R s for the graphene atop nanorods is $1000 X/ٗ whereas the overall R s is $300 X/ٗ. Using finite element analysis, the R s for the purely freestanding graphene part is self-consistently calculated to be $50 X/ٗ, which is about 20 times as large as that of graphene on SiO 2 substrate, similar to what other groups have found.
14 Obviously, shrinking the size of nanorods will enlarge the freestanding areas of graphene and enhance the electrical interconnect among nanorods. Fig. 3(c) shows the calculated relationship between the graphene average sheet resistance R s and the area ratio of the nanorods in the whole mesa. The resistance decreases sharply as the ratio goes down. Nevertheless, if the freestanding portion of the graphene is too large, the lighting surface will be reduced and hence lower the output power. As the result of tradeoff, ratio 0.78 is used for the GaN nanorod LEDs in this letter.
Device reliability is vital for real applications. To estimate the stability of suspended graphene formed on nanorods, high temperature treatment is carried out. The test structures used are again graphene on nanorod and planar SiO 2 with the same device geometry as Fig. 3(a) . The samples are both baked in open air for various time and temperatures, and the results are summarized in Table I . It is clear that the conductivity of graphene on nanorods is very stable up to 300 C in air. The same antioxidation behavior is observed in the graphene on planar SiO 2 substrate. An increase in R s is only discovered when T increases to 400 C. In this case, the degradation of the graphene on nanorods is much more severe, for the fact that R s increases by an order of magnitude while only twice for the graphene on SiO 2 plane. The difference can be explained by the more exposed areas in the suspended graphene structure which are easier to oxidize. Considering that optoelectronic devices generally have work temperatures well below 200 C, most LEDs even under 100 C, the high conductivity of the suspended graphene is hereby confirmed to be stable for applications.
Summarily, polycrystalline graphene films are grown with Cu catalyst by fast CVD technology. Three layers of graphene are transferred to well ordered and densely packed GaN nanorod LED structures as the suspended transparent electrodes. At least three key roles of graphene have been realized in this study, namely, (1) avoiding the complex processing to fill up the gaps between nanorods and the subsequent surface flattening; (2) replacing ITO and addressing the issues with indium scarcity and narrow spectrum in transmittance; (3) enhancing the graphene conductivity so that the carrier injection is boosted. Uniform electroluminescence is achieved in such devices, where the light output power of the nanorod LEDs with graphene electrodes improves 32% as compared to conventional planar GaN-graphene LEDs. At the nanorod diameter of 520 nm, the free-standing graphene between nanorods is $20 times as conductive as attached to SiO 2 substrate, resulting in the 3.3 times lower overall R s . The high conductivity from the suspended graphene remains stable up to 300 C in air. This work confirms that the graphene grown by rapid CVD has equally high optical, electrical and mechanical properties compared with standard graphene, but can be obtained at much lower cost and higher efficiency, hinting its promising future in real life applications. Finally, we note that the suspended graphene technology developed in this letter should not be limited to LEDs, and it is expected to contribute to other related structures such as nanowire devices, solar cells as well.
